ABSTRACT ADMS and AERMOD are the two most widely used dispersion models for regulatory purposes. It is, therefore, important to understand the differences in the predictions of the models and the causes of these differences. The treatment by the models of flat terrain has been discussed previously; in this paper the focus is on their treatment of complex terrain. The paper includes a discussion of the impacts of complex terrain on airflow and dispersion and how these are treated in ADMS and AERMOD, followed by calculations for two distinct cases: (i) sources above a deep valley within a relatively flat plateau area (Clifty Creek power station, USA); (ii) sources in a valley in hilly terrain where the terrain rises well above the stack tops (Ribblesdale cement works, England). In both cases the model predictions are markedly different. At Clifty Creek, ADMS suggests that the terrain markedly increases maximum surface concentrations, whereas the AERMOD complex terrain module has little impact. At Ribblesdale, AERMOD predicts very large increases (a factor of 18) in the maximum hourly average surface concentrations due to plume impaction onto the neighboring hill; although plume impaction is predicted by ADMS, the increases in concentration are much less marked as the airflow model in ADMS predicts some lateral deviation of the streamlines around the hill.
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This article may be used for research, teaching, and private study purposes. Any substantial or systematic reproduction, redistribution, reselling, loan, sub-licensing, systematic supply, or distribution in any form to anyone is expressly forbidden. Terms & Conditions of access and use can be found at http:// www.tandfonline.com/page/terms-and-conditions INTRODUCTION Across the world ADMS 1,2 and AERMOD 3, 4 are the two dispersion models used most widely for regulatory purposes. However, concentrations predicted by the two models are in some cases markedly different. Because many regulatory decisions are being made with reference to these predictions, it is important to understand the differences and their causes.
Both ADMS and AERMOD are based on broadly similar principles, in particular they both employ a characterization of the boundary layer structure using the Monin Obuhkov length and boundary layer height, and Gaussian profiles for the concentration distribution except for the vertical profile in convective conditions, which is a skewed distribution. However, the models have significant differences in detail in the meteorological preprocessors, in the dispersion algorithms, and in the modules describing the impacts of buildings and complex terrain. With regard to the meteorological preprocessors, the principal differences between the two models are in the algorithms calculating surface heat flux, boundary layer height, and, hence, the mixed layer velocity scale (w * ). With regard to the dispersion algorithms, there are differences in detail in a number of aspects of the models, including the plume spread formulations and the treatment of plume rise. The complex terrain modules in particular employ very different approaches and these are the main focus of this paper.
In Carruthers et al. 5 we presented some comparisons of ADMS and AERMOD over flat terrain using the same meteorological processor (the ADMS meteorological processor 6 ) in each case so that any differences in calculated concentrations could be identified as due to differences between the two dispersion models. Maximum concentrations due to a range of sources with source height near ground level, at 50 m and 199 m, were calculated. Runs were conducted, with and without the effects of plume rise, for short-term meteorological conditions representing convective, neutral, and stable meterological conditions, and also for long-term meteorology represented by 1 year's data from the field experiment 7 at Clifty Creek power station in Indiana, USA. Comparison of maximum hourly averages generally, with some exceptions, showed reasonable agreement in the cases considered, although the location of the maxima show marked differences in some cases. In the case of annual averages, differences were modest for the typical industrial sources (50m-high release) but were more marked for the low-level or high power station source. The difference between the plume rise modules in ADMS and AERMOD appeared to be a major driver for differences IMPLICATIONS ADMS and AERMOD are the two most widely used regulatory atmospheric dispersion models worldwide and both models are accepted or recommended for use in many countries. Consequently they are frequently used for environmental impact assessments, permitting applications, etc. It is therefore important for regulators, policy makers, and environmental consultants to understand the differences in the predictions of the models and the causes of these differences. This paper uses a hybrid model system that allows specific components of the models to be compared, with the focus in this case on the differences between the models' treatment of the impacts on dispersion of complex terrain.
between the model results when they are run using identical meteorology as input for flat terrain calculations. In this paper we present calculations to investigate the treatment of complex terrain in the two models by running the complex terrain modules of each model but using the same meteorological preprocessor. The cases considered are again the Clifty Creek power station and the Ribblesdale cement works in northwest England. The aim of paper is to explore the different approaches to the treatment of complex terrain in the two models and the consequences of these approaches for near-surface concentrations of pollutants; it is not a validation of the two modeling approaches.
In the following sections of this paper, we discuss the impact of complex terrain on the boundary layer flow and the treatment of the effects of complex terrain in ADMS and AERMOD. The model calculations are followed by a discussion and conclusions.
EFFECTS OF COMPLEX TERRAIN
The essential aspects of flow over complex terrain, in so far as it affects dispersion in the atmospheric boundary layer, are described in Carruthers and Hunt. 8 To a significant extent they are determined by the Froude number (Fr ¼ U/Nh), where h is the hill height and U and N are representative values of the wind speed and buoyancy frequency of the air approaching the hill. When a deep neutral layer (Fr ! 1) approaches a hill, streamlines converge over the hill and hence the velocity speeds up. Depending on the slope, there may be separation in the leeside. Near the surface turbulent velocities increase approximately in proportion to the mean flow, because the flow is close to local equilibrium. The impact of the terrain on the flow decreases with increasing height above the terrain.
The presence of stable stratification markedly changes the properties of the flow. If the boundary layer is stable but Fr > 1, or if there is an elevated inversion, the flow is over (rather than around) the hill, but it becomes highly asymmetrical with flow divergence upstream (sometimes inducing upstream separation) and strong convergence and downslope motion in the leeside, which suppresses leeside separation. When Fr < 1, there is insufficient energy for all the air to flow over the hill so that air below a dividing surface flows more or less horizontally around the hill (Hunt and Snyder 9 ; Smith 10 ). There may be a region of stagnation upstream and a wake downstream. Air above the dividing surface continues to flow over the hill.
ADMS
The ADMS complex terrain module 11 models dispersion over complex terrain, allowing for the effects of changes in terrain height and surface roughness on the airflow. Firstly, the mean airflow and turbulence fields over the complex terrain are calculated. Then these are used to calculate the trajectory of the plume and thence the plume spread and pollutant concentrations. The plume spread takes account of both turbulent mixing and convergence/ divergence of the mean flow.
When Fr > 1, the mean flow and turbulence are calculated using the linearized perturbation model FLOWSTAR 12 for flow over complex terrain, including the effects of stratification. When FLOWSTAR predicts reverse flow and separation in the leeside of a hill, it is assumed that a plume released into a reverse flow region is well mixed within the separated region. When Fr < 1 and the lowerlevel flow at heights below the dividing surface (height h c ) is around the terrain, the flow is calculated using a separate model with broad characteristics represented in Figure 1 .
In this model of flow below the dividing surface, the terrain data are simplified to a single Gaussian-shaped hill of circular cross-section. Its height is taken to be the height of the highest hill and the horizontal length scale is the characteristic length scale of the terrain as calculated by FLOWSTAR. Then a dividing surface is defined that is also Gaussian in shape and based on the single idealized hill and with a horizontal length scale a factor of 10 greater than that of the idealized hill. Below the dividing surface, the flow is approximated by horizontal potential flow around the Gaussian-shaped hill used to represent the terrain except very close to the surface (lowest 10 m) when flow is assumed to be parallel to the actual surface on upstream slopes. Above the dividing surface, the stable flow field is assumed to follow the terrain; that is, streamlines remain at the same distance above the terrain with no convergence or divergence of streamlines with height. In order to smooth out any discontinuities in the flow field between Fr < 1 and Fr > 1, a weighted combination of the stable and FLOWSTAR flow fields is used when Fr < 1. 
Carruthers et al.
AERMOD The AERMOD complex terrain model 13 takes account of the effects of complex terrain on the dispersion of pollution in one stage using a quite different methodology from ADMS: it does not calculate the airflow over the complex terrain but directly calculates a weighted average of the concentration calculated for two cases, with the weighting dependent on the height of the dividing surface (streamline in AERMOD documentation; the terms will be used interchangeably). These two cases are (i) a horizontal plume (with concentration given by C H ) that impacts directly into the side of the hill (and reemerges from the other side of the hill) and (ii) a terrain following plume (with concentration given by C T ). Then the total concentration C is given by
The weighting factor f depends on the dividing streamline height (h c ) as discussed above. This is calculated from
where h is a receptor dependent terrain height scale. The weighting factor is given by
There is always at least 50% plume impaction. When the plume is entirely above h c , there is an equal weighting between the two cases (f ¼ 0.5); when the plume is entirely below h c (f ¼ 1), only the horizontal plume contributes with impaction of all the plume onto the hillside. AERMOD does not calculate any impacts of the terrain on mean flow or turbulence and hence on plume spread, nor does it allow for the impacts of hill wakes. In common with ADMS, the model does not take account of thermal winds induced in mountainous regions when there is little or no driving (regional) flow.
MODEL CALCULATIONS OVER COMPLEX TERRAIN
The stack parameters used for each site are shown in Table 1 Notes: *This parameter varies hourly and this is the average value. In the case of Clifty Creek, plume rise was not accounted for and the exit velocities and temperatures were not used.
-5000 0 5000 10000 15000 Meteorology For the case of Clifty Creek, the meteorological data were measured on a 60m mast 3 km to the south of the power station. For the case of Ribblesdale, the data were obtained from a standard 10m meteorological mast at Waddington, which is distant (>100 km) from the works but has a similar climate. The meteorological parameters are summarized in Table 2 and wind roses are shown in Figure 4 . Both sites exhibit prevailing winds in the sector between south and west and average wind speeds (measured at different heights) of about 5 m/sec in each case. Clifty Creek shows a higher percentage of light winds.
Clifty Creek
In the examples given for Clifty Creek, the effect of plume rise is not included in the calculations to maximize the impact of the complex terrain. Figure 5 presents contour plots of the annual mean concentrations for each of ADMS and AERMOD with and without the modeled impacts of complex terrain and also presents difference plots showing the difference in ADMS with and without complex terrain effects, the difference in AERMOD with and without terrain effects, the difference between ADMS and AERMOD with complex terrain, and the difference between ADMS and AERMOD without complex terrain. The concentrations are normalized by the emission rate. Note that in the figures the contours of terrain are shown only in the top two plots. A summary of the calculations is shown in Table 3 , which shows the maximum values of the annual average and maximum hourly average concentration across the model domain.
The model calculations for flat terrain, (No Hills) Figure 5 and Table 3 , show that differences between the two models are relatively modest, with similar concentration patterns for the annual average and similar maximum values across the model domain of the maximum hourly concentration. Now comparing the cases taking account of complex terrain (Hills), ADMS predicts a significant impact of the terrain, with markedly higher maximum impacts for both annual average (35% increase) and maxima (100% increase), which are located downwind of the stack in the prevailing wind direction. This impact in ADMS is due to the FLOWSTAR airflow model predicting convergence of the mean streamlines as the airflow from the prevailing southwesterly direction flows out of the valley, which in turn brings the plume closer to the surface increasing surface concentrations. Conversely, the impact of complex terrain as calculated by AERMOD is relatively small. For this case where much of the terrain is below the height of the stack, the calculated fraction of plume mass below the dividing surface (j) is zero so that the weighting factor (f) is given by f ¼ 0.5 and therefore the source strength of the horizontal and terrain following plumes are of equal magnitudes.
Ribblesdale A similar set of contour plots and tables is presented for Ribblesdale Cement works in Figure 6 and Table 4 . It is seen again that the two models predict relatively similar patterns of concentrations and similar peak values when the impact of complex terrain is not included in the calculations. 370000  372000  374000  376000  378000  380000   370000  372000  374000  376000  378000  380000  370000  372000  374000  376000  378000  380000   370000  372000  374000  376000  378000  380000  370000  372000  374000  376000  378000  380000   370000  372000  374000  376000  378000 When complex terrain is considered, ADMS shows a relatively small impact, with increases in maximum annual average and peak concentrations compared with the flat terrain values of less than 15%. In this case AERMOD (see southeast section of the difference plots for complex terrain) predicts very high concentrations on the side of the hills, with increases in maximum annual average of over 60% (even though this is not in the direction of the prevailing wind) and increases in peak hourly average concentrations of over 1800%. For this case, in some weather conditions (stably stratified, light winds), the plume height is below that of the hills to the southeast of the stack and the weighting factor (f) is close to 1; therefore AERMOD is predicting plume impaction into the hillside. For these same conditions, the ADMS airflow model predicts that the plumes are generally advected over the hill tops or around the hills and that plume impaction is not prevalent and is not markedly increasing concentrations.
CONCLUSIONS
Some results of the ADMS-AERMOD hybrid model have been used to compare the treatment of complex terrain in the two models without the complicating effects of the other differences between the two models such as the meteorological preporcessors.
In the first case presented of Clifty Creek, in which the source stack is positioned in a deep valley with stack top rising above the level of the surrounding terrain, ADMS suggests that the terrain has a significant effect and it predicts markedly different concentrations from the case of the same source over flat terrain. In this case AERMOD predicts that the impact of complex terrain is minimal.
In the second case, Ribblesdale, the differences between the two models is so large as to fundamentally change the scale of the impact on local air quality of the industrial site. These differences occur as the stack tops are below the height of the surrounding terrain when AERMOD predicts that, even in moderate levels of stable stratification (Fr > 1), plume impaction onto the hillside is an important process leading to high surface levels of concentration on the side of hills. Given these differences, the question then arises as to which of the two models is the more accurate in the two different cases. Available field data and laboratory studies provide some insight. With regard to Clifty Creek, the field studies of airflow by Wiggs et al. 14 and Mason 15 show that as the air flows across the valley, there is slow down with streamline divergence and then speedup and hence streamline convergence towards the downwind edge of the valley. For a source located above the valley, this would suggest increased surface concentrations relative to the flat terrain case over the plateau downwind of the source, as predicted by ADMS. Note that comparisons of concentrations measured at six locations near Clifty Creek power station have been made for both ADMS 16 and AERMOD 17 ; however, although both models appear to perform reasonably, the comparisons provide relatively little insight into how well the two models are taking account of the impacts of the complex terrain because other factors such as differences in input meteorology arising from the two meteorological preprocessors may cause the model differences between the data and model predictions. With regard to Ribblesdale, studies in a stratified flume 9 and at Cinder Cone Butte 18 show that in stable conditions, there may be plume impaction onto the hillside. Both AERMOD and ADMS predict this to occur; however, AERMOD predicts markedly higher concentrations because there is no flow around the hill and hence the whole plume is assumed to impact onto the hillside, whereas the ADMS flow model predicts some horizontal deviation of the streamlines in these cases and hence the increase in concentrations at impaction is more modest.
From this we may conclude that where there is plume impaction, AERMOD has a tendency to overestimate concentrations and, therefore, may act as a screening model in this case, whereas ADMS may predict more realistic concentrations, but these concentrations may be overpredictions or underpredictions. Conversely, in the case of a source above a deep valley carved out of a plain (as at Clifty Creek), AERMOD suggests that the effects of the terrain are very small because the stack exit is higher than most nearby terrain; this may result in an underestimate of concentrations in such situations. ADMS includes the effect of valleys on airflow but there are insufficient field data with which to ascertain the model accuracy in this case.
